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Abstract 

Off-stoichiometric alloys based on Ni 2 MnIn have drawn attention due to the coupled first order magnetic and 
structural transformations, and the large magnetocaloric entropy associated with the transformations. Here 
we describe calorimetric and magnetic studies of four compositions. The results provide a direct measure of 
entropy change contributions at low temperatures as well as at the first-order phase transitions. Thereby we 
determine the maximum possible field-induced entropy change corresponding to the giant magnetocaloric 
effect. We find a large excess entropy change above that of the magnetic moments, but only in compositions 
with no ferromagnetic order in the high-temperature austenite phase. Furthermore, a molecular field model 
corresponding to magnetic order in the low-temperature phases is in good agreement, giving an entropy 
contribution nearly independent of composition, despite significant differences in overall magnetic response 
of these materials. 
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1. Introduction 


The magnetocaloric effect (MCE) is an intrinsic 
thermodynamic property of magnetic solids, man¬ 
ifested as an adiabatic temperature change or an 
isothermal entropy change due to application of a 
magnetic field. Materials showing a large MCE 
have been a source of growing interest because of 
their potential for environmentally friendly and en¬ 
ergy efficient rmlacement of vapor-compression re¬ 
frigeration P, Q . Giant MCE is based on a first- 
order phase transition and has been observed in 
materials including the Ni-Mn based Heusler al¬ 
loys Ll Mldl di scussed here, as well as Gd.r,S i 2 -x Gex 
materials [ll| , MnAs-based compounds 12h14 | and 
LaFei 3 _a;Sia; related compounds [1^, [l6|. Ni-Mn-In 
alloys exhibit a large response, and have magnetic 
and structural properties that depend very sensi¬ 
tively on the composition and preparation condi¬ 
tions 17|. In this report, we examine four different 
Ni-Mn-In compositions to better understand the re- 
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lationship of magnetic and structural properties vs. 
composition. 

One of the common physical quantities used to 
characterize MGE materials is the magnetic field- 
induced isothermal entropy change. This quan¬ 
tity can be explored both by calorimetry and in¬ 
directly through magnetization (l8l - [23| . As Fig. [T] 
illustrates, the entropy change intrinsic to the first- 
order transformation is the maximum possible field- 
induced entropy change (ASmax), which can be 
explored directly through calorimetry in zero field 
even though this quantity may not be necessarily 
accessible through measurements of AS” in available 
fields. Aside from the practical importance there is 
considerable interest in understanding the underly¬ 
ing physical processes that contribute to this be¬ 
havior [25l427l| . In this report, we examine the var¬ 
ious contributions to the total entropy in several 
Ni-Mn-In alloys, including an examination of the 
contributions to ASmax- 

We describe results based on magnetic and calori¬ 
metric measurements. These results provide a con¬ 
sistent picture of the magnetic behavior of the 
low temperature (martensite) phases, dominated by 
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Figure 1: Schematic representation of the total entropy in 
different applied fields along with the field-induced isother¬ 
mal entropy change (lower plot) for inverse MCE materials 
in the vicinity of a first-order phase transition. 

magnetic order based on interacting local moments. 
Furthermore, the entropy jump at the transforma¬ 
tion, equivalent to ASmax, is shown to be very sen¬ 
sitive to the composition. Relative to the magnetic 
contribution, a significant excess is found in com¬ 
positions exhibiting magnetic order in the austen¬ 
ite (high-temperature) phase, implying an apparent 
magnetoelastic coupling tied to the magnetic order 
of the austenite. 

2. Experiment 

2.1. Sample Preparation 

Bulk polycrystalline Ni-Mn-In alloys were pre¬ 
pared using arc melting in a protective argon at¬ 
mosphere from 99.9% pure constituents. This in¬ 
cludes the sample used for measurements reported 
previously along with 3 other compositions pre¬ 
pared by identical methods. The samples were 
homogenized at 1173 K for 24 hours under argon 
atmosphere and then quenched to room temper¬ 
ature in water. These heat treating conditions 
were found to result in sharp first-order transi¬ 
tions and small thermal hysteresis. Since the al¬ 
loy was quen ched above the order disorder tem¬ 
perature [ 23 , B2 crystallographic symmetry will 
dominate in these samples with Ni on one sublat¬ 
tice and Mn and In randomly occupying the other. 


rather than the Heusler-type L2i ordering obtained 
at lower temperatures. 

Electron microprobe measurements were carried 
out using wavelength dispersive spectroscopy 
methods on a Cameca SX50, equipped with four 
wavelength-dispersive x-ray spectrometers. Among 
the four Ni-Mn-ln compositions, the final com¬ 
positions were found to be Ni 49 . 54 Mn 36 . 1211114.34 
(the sample used in the previous report fii), 
Ni49.9Mn35.7lni4.4, Ni 49 . 53 Mn 35 . 22 In 15.22 and 

Ni 47 . 22 Mn 38 . 45 ln 14 . 33 . We label these samples as 
A, B, C and D, respectively, as shown in Table [T] 

2.2. Measurement Methods 

Iso-field magnetic measurements were carried out 
using a Quantum Design Magnetic Property Mea¬ 
surement System. The temperature-dependent re¬ 
sults in 0.05 T shown in Fig. [5] include prominent 
features due to the first-order martensitic phase 
transitions falling between 200 and 350 K. As shown 
below, the smaller responses in the A and B com¬ 
positions come about since the austenite (high- 
temperature) phase for these cases are paramag¬ 
netic rather than ferromagnetic. 

Besides the magnetic measurements, calorimet¬ 
ric measurements were performed using a Phys¬ 
ical Property Measurement System manufactured 
by Quantum Design. Samples were affixed using a 
thin layer of grease to the small sample platform of a 
standard puck, with the platform connected by thin 
wires to the body of the puck. For temperatures 
away from the structural transition, the so-called 
2-r method [ 2 ^ was used. Since this method is not 
valid for a first order transition, we used the modi¬ 
fied method described previously , by which we 
obtain results consistent with the 2-t method out¬ 
side the transition temperature region. 

3. Magnetization Analysis 

The magnetization results shown in Fig. [2] for 
the four samples show sharply-defined marten¬ 
sitic transitions from a paramagnetic/ferromagnetic 
austenite to an antiferromagnetic (or low-moment) 
martensite upon cooling, with the reverse transition 
observed on heating. These transitions are in good 
agreement with reported phase diagrams for similar 
compositions [13, with the A and B compositions 
remaining paramagnetic at all temperatures above 
the martensitic transition, while C and D exhibit 
a ferromagnetic Curie temperature (T^) within the 
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label 

WDS composition 

J 

Tc(K) 

TmhiK) 

7 (J/mole K^) 

OniK) 

A 

Ni49.54Mn36,i2lni4.34 

2.00 

292 

347 

0.0124 

315 

B 

Ni 49 . 88 Mn 35 . 7 oIni 4,42 

1.99 

310 

333 

0.0128 

318 

C 

Ni 49 . 53 Mn 35 . 22 Inl 5.22 

2.00 

323 

299 

0.0117 

316 

D 

Ni47.22Mn38.45Inl4.33 

2.00 

298 

257 

0.0163 

316 


Table 1: Ni-Mn-In compositions (in at. %) and the corresponding experimental results. J and Tc are from the high-temperature 
Curie-Weiss fits, and T-mh (martensitic transition temperature) is the maximum position of the specific heat measured while 
heating. 


austenite phase. As shown below, the magnetiza¬ 
tion can be fitted very well in terms of fixed local 
moments residing on the Mn ions. 

The Curie-Weiss law, 




H 

T-Tc’ 


( 1 ) 


where /ie// = J[J + 1), Tc is the Curie tem¬ 
perature and g = 2, was used to fit the high tem¬ 
perature magnetization curves in the paramagnetic 
region i.e. above Tc for the C and D compositions. 
This fitting assumed that the density of magnetic 
moments (n) is identical to the manganese ion den¬ 
sity. For the four compositions, the results yield J 
very close to 2 as displayed in Table [T] The consis¬ 
tency of these results with a local magnetic moment 
of gJgs = Mn ion also agrees with com¬ 


puted results 1 171 . 1 3 01 - 132| . It appears that in all cases 


the magnetism corresponds to local moments which 
are indirectly coupled through RKKY interactions 
(^ . Similar behavior has previously been identi¬ 
fied in other X 2 MnY Heusler systems [13, [s^, and 
we show below that this result helps in analyzing 
the specific heat results. 

Fitted Tc values are also given in Table [TJ No¬ 
tice that for the A and B samples, these values are 
lower than the martensite transition temperatures 
corresponding to an austenite phase which remains 
paramagnetic. The C and D compositions become 
ferromagnetic upon heating before becoming para¬ 
magnetic. 

At low temperatures, the magnetization of each 
sample tends to saturate at a value lower than 
Ags per Mn showing the antiferromagnetic or fer- 
rimagnetic behavior of the martensite phases. For 
the case of sample A, good agreement with the M 
vs. T curves above about 100 K (Fig. [3]) was ob¬ 
tained by assuming that a small fraction of the mag¬ 
netic moments form small superparamagnetic clus¬ 
ters, and the remainder forms an antiferromagnetic 
(AF) matrix at all temperatures. Such a model 




T(K) 

Figure 2: Temperature dependence of the magnetization for 
the Ni-Mn-In samples at 0.05 T, including (a) A and B sam¬ 
ples and (b) C and D samples. All data include results for 
both heating and cooling processes, as shown by arrows for 
sample B in the inset of the upper figure. For samples C 
and D, the low-temperature bifurcation corresponds to field- 
cooled (FC) and zero-field cooled (ZFC) measurements as 
shown. An Arrott plot for sample C is shown in the lower 
inset. These curves were measured at temperatures 150, 160, 
180, 190, and 200 K. The dashed line extending through the 
origin corresponds to 194K, the approximate position of the 
second order transformation as described in the text. 
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Figure 3: Temperature dependence of the martensite phase 
magnetization for Ni 5 oMn 36 lni 4 (sample A) at magnetic 
fields 0.05, 1, 3, 5 and 7 T. The solid curves are from fitting 
a single set of parameters for a combination of paramagnetic 
clusters and an AF matrix. 


has been used previously for Ni-Co-Mn-Sn Heusler 
alloys 33- Since the Neel temperatures of our ma¬ 
terials are high (about 500 K, as shown below), 
we treated the antiferromagnetic susceptibility as 
nearly temperature-independent at these temper¬ 
atures. Therefore, the martensite magnetization 
curves were fitted by a sum of paramagnetic and 
antiferromagnetic contributions 


M = NgJ'fXBBj, ( + XafH, (2) 


where Bji is a Brillouin function for the clusters 
each with total spin J' and xaf is the constant an¬ 
tiferromagnetic susceptibility. In the fit (from 100 
K to 300 K, with the single fit including data for all 
fields), we obtained J' = 26, and a cluster density 
N = 3.9 X 10“® mole/g giving the results shown in 
the figure. Assuming the clusters to be locally fer¬ 
romagnetic with fully-aligned Mn ions, each with 
J = 2 consistent with the Curie-law fitting, this 
corresponds to 9.3% of the Mn atoms comprising 
the superparamagnetic clusters and the remaining 
Mn atoms contained in the AF matrix. 

This fit also provides information about the an¬ 
tiferromagnetic state of the bulk, since, as is well 
established in that case, similar to Eq. m XAF = 
NAnfilj:j/{6kBT]\[) at the Neel transition temper¬ 
ature T = Tjv, within a molecular field model, 
while for a powder sample the susceptibility will 
drop slowly to 2/3 of this value approaching T = 0. 
Equating the fitted xaf = 9.37 x 10“®emu/g G to 


the value at Tjy, and assuming the AF matrix in¬ 
cludes 91% of the Mn ions as established in the fit, 
we obtain Tjy = 610 K. Renormalizing this value to 
the small decrease in xaf in the fitted range gives 
Tjv ~ 500 K. As shown below, this extrapolated Tjv 
is also consistent with the measured entropy of the 
AF phase for this composition. 

At lower temperatures in Fig. [3] the departure of 
magnetization from the fitted curves is likely due to 
super-spin glass behavior similar to what has been 
established in related alloys [s^, combined with 
blocking behavior of individual clusters. Indeed, 
the sample A curve of Fig. Ufa) has a FC vs. ZFC 
bifurcation near 100 K, not easily distinguished due 
to the vertical scale, as would be expected for such 
a situation. Corresponding behavior is seen more 
clearly for sample D in Fig. [3Kb). 

The analysis establishing superparamagnetic be¬ 
havior in an AF matrix works particularly well for 
sample A since there is a large martensite temper¬ 
ature region over which this behavior could be fit¬ 
ted. Sample D behaves in a similar way, and we 
also found that the low-temperature M-T curves 
vs. field for this sample (not shown) saturate to 
approximately 10% of the full Mn moment. This 
indicates the presence of a comparable density of 
superparamagnetic clusters, although the smaller 
temperature window makes a quantitative estimate 
of the contribution of the antiferromagnetic matrix 
to the susceptibility of this sample more difficult. 
For sample B the response is qualitatively similar, 
but with a larger magnetization developing at low 
temperatures [Figurej^Ka)]. We have not fully char¬ 
acterized the magnetic response for this sample, al¬ 
though from the specific heat results (below) we 
deduce that the degree of magnetic order in this 
sample is similar to that of the others, so its low- 
magnetization behavior above about 200 K indi¬ 
cates that the martensite phase is also essentially 
antiferromagnetic. By contrast, sample C exhibits 
a clear signature of an additional magnetic phase 
transition at about 194 K; this is shown by the 
series of Arrott plots in the inset of Figure |3Kb), 
which demonstrate typical results of second order 
transformation to a phase exhibiting spontaneous 
magnetization at low temperatures. 

The Arrott plots for sample C follow the standard 
typ e corresponding to mean-field critical exponents 
. Note that for a composition range close to 


37, 


that of this sample, a low-temperature transforma¬ 
tion has indeed been previously reported within the 
martensite phase , although this transformation 
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Temperature (K) 

Figure 4: Temperature dependent heating curve specific 
heat results for the four Ni-Mn-In samples. Fitting curve 
is phonon + electron result for sample A; similar curves ob¬ 
tained for the other samples. Inset: full-scale results for the 
A and B compositions. 


has often been referred to as a paramagnetic to fer¬ 
romagnetic transformation. We find that the 7 T 
saturation moment for this sample is 45 emu/g, or 
about 30% of what is expected from complete align¬ 
ment of the Mn local moments. In addition, the 
calorimetric results described below indicate that 
this is an order-to-order transformation of the mag¬ 
netic moments, so tentatively we conclude that it 
is a canting-type transformation within the antifer¬ 
romagnetic martensite phase of this sample. With 
decreasing In content this transformation rapidly 


falls away to zero temperature im, explaining why 


the other samples do not show the additional low- 
temperature magnetic phase. 


4. Specific Heat 


Owing to the diffusionless character of the 
martensitic transition, configurational contribu¬ 
tions are believed to be largely absent [s^ so that 
the specific heat can be simplified as a combination 
of electronic, vibrational and magnetic parts: 

Ctotal ~ Cel “t” Cyitt + Cjnag- (d) 

The electronic contribution can be described by the 
known linear-T behavior , 

y^ klD{Ep)T = 7T, (4) 

where D{Ep) is the density of states at the Fermi 
energy. The vibrational contribution [4^ based on 
a Debye model is 

^ 9 n\^ /-Sc/T 3,4 a: 

(5) 

where R is the ideal gas constant and 60 is the 
Debye temperature. We fitted these two terms be¬ 
low 100 K, and the extrapolated curves with 9d 
and 7 kept constant were used to analyze the high- 
temperature behavior as discussed below. The fits 
yielded 9o ranging from 315 K to 318 K and 7 
ranging from 0.0117 to 0.0163 J/mole K^, shown in 
Table m 

5. Entropy Analysis 

In thermodynamics, total entropies have an 
abrupt change at the temperature where a first- 
order phase transition happens, as shown in Fig. [TJ 
With the electronic and vibrational contributions 
obtained as described above, using Eq. [3] we can 
obtain the excess contribution to the entropy (per 
mole Mn) as 



In order to gain a systematic understanding of 
the entropy, we performed calorimetric measure¬ 
ments from 1.8 K to 400 K. Figure 0] shows heating 
curve results (martensite—^-austenite) for the four 
Ni-Mn-In samples. The temperatures where the 
heating curve specific heat reaches a maximum are 
denoted as Tmh and listed in Table [T] as represent¬ 
ing the martensitic transition temperature. These 
transitions and the Curie temperatures are consis¬ 
tent with the magnetic results (Fig.[3|). The cooling 
curves also give similar results, however the anal¬ 
ysis below concentrates exclusively on the heating 
curves. 


5e, 


Ctotal Cyil) Cel 

f 


dT 


— Smag E S < Rhl{2J + 1) + S' , 


( 6 ) 


where Smag is the entropy due to magnetism and S' 
represents possible additional nonmagnetic entropy. 
The last inequality expresses the well-known limit 
for the magnetic entropy ^ in which as shown 


above Mn ions can be treated as local moments with 
J = 2. 


The results are represented in Fig. [SJ where 
the horizontal line represents the magnetic entropy 
limit. The small entropy bump before 100 K is 
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periment, as shown by the dashed line in Fig. [SJ 
This curve represents J = 2 antiferromagnetism 
with Neel temperature set to 540 K, and gives qual¬ 
itatively good agreement with the magnetic entropy 
in the martensite phase for all four samples. 

Note that this includes sample D, which exhibits 
a clear change in magnetic order at 194 K as noted 
above. In some cases it has been speculated that 
similar compositions go over to a magnetically dis¬ 
ordered state due to frustrated magnetic interac¬ 
tions, however from the extracted entropy it is clear 
that all of these samples maintain a similar degree 
of magnetic order while in the martensite phase. 


Figure 5: Excess entropy of samples A-D per mole Mn atom, 
obtained from Eq. O As can be seen, samples A and B 
exceed the classical magnetic entropy limit, shown as the 
horizontal line. Dashed curve represents AF contribution 
with Tiv = 540 K. 


believed to be due to the limitation of the con¬ 
stant Debye temperature approximation in which 
the phonon density of modes at low frequencies are 
underestimated [421 . 

For C and D compositions with Tmh/Tc < 1, 
the samples go to a ferromagnetic high- T austenite 
phase as remarked above. The entropy contribution 
for these samples appears to be quite close to the 
classical magnetic limit as shown in Fig. O On the 
other hand, for samples A and B where Tmh/Tc > 1, 
the martensite phases transform directly to a para¬ 
magnetic austenite. In these cases, the remaining 
entropy goes significantly beyond the magnetic en¬ 
tropy limit. This is the first time in the literature as 
far as we are aware of for observation of the excess 
entropy directly from calorimetric measurements. 

Below Tmh the gradual magnetic entropy changes 
in the martensite phase can be understood as due 
to order-disorder within an antiferromagnetic state 
( 4 ^ . This contribution for different J and Tv can 
be estimated numerically from molecular field the¬ 
ory. We showed above that an antiferromagnetic 
case applies very well to the sample A magneti¬ 
zation, however the mean-field analysis we have 
used applies in general to any ordered magnetic 
state, since the entropy will be zero in the fully or¬ 
dered state whether ferrimagnetic or antiferromag¬ 
netic and the increase with temperature follows a 
standard curve [i^ as the on-site magnetization be¬ 
comes reduced. The computed result from molecu¬ 
lar field theory gives good agreement with our ex¬ 


6. Discussion 


There has been considerable interest in under¬ 
standing the local nature of the magnetic moments 
in these materials, and it is interesting that ab ini¬ 
tio calculations typically indicate a small nonzero 
moment on Ni [illMM 1^ . On the other hand. 


the magnetic and low-temperature calorimetric re¬ 
sults can be understood consistently in terms of a 
J = 2 moment associated with each Mn. The re¬ 
sults for samples C and D with entropy contribution 
above the transition close to what is expected based 
on this picture, provides further evidence for this. 
Even very small Ni moments would add a large con¬ 
tribution to Smag if acting independently, similar to 
the i?ln(2J + 1) term in Eq. [51 Thus, it appears 
that the Ni contribution is strongly coupled to the 
Mn ions and these ions can together be regarded as 
constituting the overall local moment rather than 
as thermodynamically independent spins. 

The electronic entropy change due to 7 differ¬ 
ences between the martensite and austenite phases 
is normally believed to be much smaller than the 
contribution of structural deformations. It has been 
inferred in recent studies of Hesuler alloys [H, li^ 
4(tI| that the electronic contribution (typically 7 = 
5-10 mJ/mole K^) is considerably smaller than the 
vibrational contribution. Attributing all of the ob¬ 
served excess entropy to an electronic contribution, 
the change of 7 must be 14 mJ/mole in sample 
A, which means a doubling of 7 from the marten¬ 
site, while a change of 5 mJ/mole is required 
in sample B. Also, a recent measurement of Ni-Co- 
Mn-In in high magnetic fields indicated that 
in low temperatures, the low-temperature austenite 
phase induced by high magnetic fields has an elec¬ 
tronic 7 that differs by a relatively small amount 
(4 mJ/mole K^) compared to the low-temperature 
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martensite phase. Thus it seems likely that the 
excess contributions obtained by direct measure¬ 
ment of the total entropy, particularly the large 
contribution in sample A, are due predominantly 
to phonons. 

The lattice entropy contribution (per mole) can 
be obtained from the integration of Eq. [5l 


SMT) = 


= -3i?ln 


Cy^biT) 


T 


dT 


1 — e 




reo/T 


- 1 

(7) 


-dx. 


If we relax the criterion that 6 d remains constant, 
and instead assume that Od changes discontinu- 
ously during the structural transformation to the 
austenite phase, the vibrational entropy will also 
change discontinuously. In this case the austenite 
contribution will be represented by Eq. [3 with the 
integration including the revised Od extending over 
the entire range. This is the most likely scenario for 
the excess entropy contributions, since the marten¬ 
sitic transition involves a significant unit cell defor¬ 
mation. 

If we attribute the entire additional entropy 
change to vibrational contributions, the corre¬ 
sponding Debye temperatures change from 315 K to 
300 K going across transformation in sample A, and 
from 318 K to 312 K in sample B. Note that both of 
these samples, as well as sample C, correspond to 
compositions for which the martensite phase is be¬ 
lieved to have the lOM structure 17|, therefore the 
large excess is not correlated to the structural sym¬ 
metry itself. In addition, the martensite phases of 
all of these compositions feature antiferromagnetic 
phases with quantitatively quite similar exchange 
interaction strengths, judging from the similarity 
in the observed low temperature magnetic entropy, 
modeled above according to a molecular field the¬ 
ory with the same Tjy. The most obvious difference 
in these materials is the absence of ferromagnetism 
in the samples A and B austenite phases, which 
appears to correlate with the large excess entropy 
jump. Thus it appears that the relative lattice soft¬ 
ening of the paramagnetic austenite phases plays a 
large role in the magnitude of the magnetocaloric 
entropy change. 

Returning to size of the entropy jump itself, note 
that, compared to the magnetic limit i?ln(2 J -b I), 
the entropy increases by a magnitude equal to 70% 
of this value in sample A, and 63% in sample 


B, within the very narrow temperature range of 
the transitions. The relative sizes are apparent in 
Fig. [5] In sample A the jump is also larger than 
the magnetic entropy is predicted to be available 
based on the fitted antiferromagnetic fit (dashed 
curve in Fig.[S]). Thus these values are indeed quite 
large relative to the available magnetic entropy. We 
show that this occurs in a strongly composition- 
dependent manner, with the paramagnetic phases 
exhibiting a large enhancement. This may be con¬ 
nected to recent results based on neutron scatter¬ 
ing studies [i^ of a NiMnCoIn composition, in 
which it was shown that the contribution of phonon 
modes becomes considerably enhanced when going 
through the ferromagnetic-paramagnetic transition 
in the austenite. To optimize the magnetocaloric 
response it appears that exploiting alloys having a 
martensitic transition directly to the paramagnetic 
phase, but very close to the ferromagnetic part of 
the phase diagram so that the magnetic coupling is 
enhanced, can be beneficial. 


7. Conclusion 


Investigation of several compositions of NiMnln- 
based Heusler alloys provided a direct measure of 
thermodynamic properties of the coupled magnetic- 
structural transformations. These studies, com¬ 
bining results of magnetic and calorimetric mea¬ 
surements, could be analyzed to give a consistent 
measure of the magnetic ordering within the low- 
temperature martensite phase. For the composi¬ 
tion with highest ordering temperature, the results 
correspond to a predominantly antiferromagnetic 
martensite phase with Neel temperature near 500 
K. Study of the excess entropies after accounting 
for phonon and electronic contributions indicates 
qualitatively similar magnetic interactions within 
the other compositions. The jump in entropy at 
the first-order structural transformation tempera¬ 
tures was also analyzed and found to be strongly 
composition-dependent, with compositions no fer¬ 
romagnetic order in the austenite exhibiting signif¬ 
icant excess entropy over the purely magnetic con¬ 
tribution. The results appear to correlate to the 
presence of magnetoelastic coupling in the high- 
temperature austenite phase, and may provide fur¬ 
ther assistance in design of materials for practical 
magnetocaloric applications. 
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